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During eye development, bone morphogenetic proteins (BMPs) exert multiple actions on both early and late patterning and differentiation
processes. However, the roles of BMP signaling in retinal differentiation are not well understood. To gain insight into a novel role of BMPs
during retinal development, we proceeded to retrovirally directed misexpression of the BMP antagonist Drm/Gremlin in the chicken optic
vesicle. This resulted in severe eye defects, characterized by microphthalmia, coloboma and the presence of dark streaks. The latter
phenotype corresponds to localized perturbations of the stratified structure of the neuroretina. We show that these retinal disorganizations are
characterized by a destruction of neuronal layers associated with axonal pathfinding defects, increased apoptosis and lost of N-cadherin
expression. Moreover, whereas neuronal differentiation seems to proceed normally, Mu¨ller glial differentiation is impaired in Drm-induced
disorganizations. These data suggest a possible role of BMP signaling in the laminar organization of the developing neuroretina.
D 2005 Elsevier Inc. All rights reserved.Keywords: BMP; Drm/Gremlin; Chicken neuroretina; Retinal lamination; Optic nerve; Dan; N-cadherinIntroduction
The vertebrate neuroretina (NR) develops from a simple
sheet of undifferentiated neuroepithelium, where retinal
progenitors divide. After exiting the cell cycle, these
progenitors migrate towards the basal side to their final
location and differentiate as neurons or glia (Marquardt and
Gruss, 2002). Terminally differentiated NR is a laminated
tissue that contains Mu¨ller glia and six types of neurons:
cones and rod photoreceptors, amacrine, bipolar, horizontal
and ganglion cells. Neurons are organized in nuclear and
plexiform layers composed of cell bodies and fiber layers,
respectively, whereas the Mu¨ller glia is radially oriented and
spans all the retinal layers.
Several studies have established that the layer organiza-
tion of the NR is regulated by both cell-non-autonomous
and cell-autonomous mechanisms. Sonic Hedgehog (Shh)0012-1606/$ - see front matter D 2005 Elsevier Inc. All rights reserved.
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Cancer Institute, 44 Binney Street, Boston, MA 02115, USA.that is expressed by the early-born ganglion cells is required
for normal organization of the mouse and fish retina
(Dakubo et al., 2003; Neumann and Nuesslein-Volhard,
2000). This factor regulates the radial organization of
Mu¨ller glia (Wang et al., 2002) which, in turn, is important
for the laminar structure of the NR (Willbold and Layer,
1998). It has recently been established that Wnt-2b, which
is expressed in the anterior rim of the embryonic retina, is
important for the initial establishment of the laminar
organization of chicken retinal cells (Nakagawa et al.,
2003). Genetic analysis in zebrafish led to the identification
of other genes involved in NR patterning. In particular,
proteins involved in cell adhesion, such as N-CAM and N-
cadherin, have been shown to regulate retinal lamination. In
zebrafish, hypomorphic mutations of N-cadherin result in
retinal lamination defects, which are associated with
exuberant and misdirected outgrowth of neurites (Erdmann
et al., 2003; Malicki et al., 2003; Masai et al., 2003; Pujic
and Malicki, 2001). In the chick, treatment of retinal
explants with N-cadherin blocking antibodies leads to the
disruption of the photoreceptor layer and the formation
rosettes (Matsunaga et al., 1988).283 (2005) 335 – 344
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class of growth factors of the TGFh superfamily that are
involved in many developmental events in the nervous
system (Mehler et al., 1997; Zhao, 2003). During eye
development, BMPs exert multiple actions on both early and
late patterning and differentiation processes. They regulate
dorsoventral patterning of the optic cup and the development
of the ciliary body by controlling proliferation, apoptosis and
transcription of specific transcription factors (Hung et al.,
2002; Trousse et al., 2001; Zhao et al., 2002). During early
retinal development, BMPs are involved in cell proliferation
and survival (Trousse et al., 2001), whereas at later stages
they have been implicated in the regulation of the growth and
guidance of retinal ganglion cell neurites (Carri et al., 1998;
Liu et al., 2003). However, the role of BMP signaling in
other aspects of retinal development, such as neuronal/glial
differentiation or retinal lamination, is poorly characterized.
The actions of BMPs are modulated by extracellular
antagonists such as Noggin, Chordin, Follistatin, Ventroptin
and the proteins of Dan family (Dan, Cerberus and Drm/
Gremlin). These proteins bind BMPs, preventing their
interaction with BMP receptors and thus inhibiting subse-
quent downstream signaling (reviewed in Balemans and Van
Hul, 2002). In the developing chicken eye, BMP antagonists
display a wide spatiotemporal expression pattern suggesting
that each of them could modulate specific aspects of BMP
signaling. At early stages of retinal development, Noggin is
strongly expressed in the dorsal retina (Belecky-Adams and
Adler, 2001) and is thought to regulate apoptosis and
proliferation through inhibition of BMP4 signaling in this
region (Trousse et al., 2001). On the contrary, Ventroptin,
which is expressed in a double gradient in the ventral and
nasal regions of the retina, was shown to specify the
topographic retinotectal projection (Sakuta et al., 2001).
Finally, recent studies have reported that Dan familymembers
Dan and Drm/Gremlin are expressed in the developing retina
(Gerlach-Bank et al., 2002; Huillard andMarx, 2004; Ogita et
al., 2001), yet their function in this compartment is unknown.
In the present study, we show that misexpression of Drm/
Gremlin in the chicken optic vesicle results in a wide
spectrum of eye defects. In addition to colobomas and
microphthalmias, we show that Drm misexpression induces
localized disorganizations of the laminar structure of the NR.
These defects are characterized by changes in retinal neuron
distribution, absence of differentiated glial cells and aberrant
axonal trajectories. These results support the possibility of a
novel role of BMP signaling in the laminar organization of
the developing neuroretina.Materials and methods
Production of retroviral stocks
Replication-competent RCAS BP(A) retrovirus encoding
murine drm (RCAS/mdrm) was obtained by inserting a 1202-bp containing the coding region and 5V and 3V untranslated
sequences of mouse drm cDNA (Zhang et al., 2000) into the
RCAS(BP)A retroviral vector (Petropoulos and Hughes,
1991). RCAS/DNbmpr1a and RCAS/DNbmpr1b retroviral
constructs were kindly provided by L. Niswander.
RCAS, RCAS/mdrm, RCAS/DNbmpr1a and RCAS/
DNbmpr1b viral stocks were obtained from pathogen-free
chicken embryonic fibroblasts transfected with RCAS,
RCAS/mdrm or RCAS/bmpr1a and 1b DN constructs. After
two passages, cultures were transferred to medium contain-
ing 2% fetal calf serum and culture supernatants were
collected every 3 h. They were centrifuged at low speed to
eliminate cell debris and viral suspensions were concentrated
600- to 1000-fold by ultracentrifugation at 22,000 rpm for 3
h at 4-C. Concentrated viruses were kept frozen at 80-C.
In ovo microinjection
Fertilized White Leghorn eggs were provided by Haas
(Strasbourg, France) and incubated at 38-C in a humidified
incubator. Embryos were staged according to Hamburger and
Hamilton (1951). Concentrated viral stock was mixed with a
1/10 volume of 0.5% Fast Green dye (Sigma) just before
injection (Morgan and Fekete, 1996). Approximately 0.5 Al of
the viral inoculum was injected into the optic vesicles of E1.5
embryos (8–12 HH, 34–37 h of incubation). Eggs were
sealed with tape and returned to the incubator.
Embryos were harvested at embryonic days 5.5 (E5.5)
and 8.5 (E8.5). Heads were fixed overnight in 4%
paraformaldehyde in PBS, embedded in gelatin and cut
frozen at 20 Am.
Histological staining and immunohistochemistry
For histological analysis, sections were stained with
MethylGreen (Vector), as recommended by themanufacturer.
Immunohistochemistry experiments were performed as de-
scribed by Huillard and Marx (2004). Primary antibodies
were used at the following dilutions: anti-visinin (7G4) 1/500;
anti-agrin (6D2, DSHB) 1/500; anti-Islet1 (40.2D6, DSHB)
non-diluted; anti-AP-2 (3B5, DSHB) 1/5; anti-Syntaxin1
(HPC-1, Sigma) 1/800; anti-N-cadherin (A-CAM, FA-5,
Sigma) 1/400; anti-p19gag (AMV-3C2, DSHB) 1/250. The
7G4, 6D2, 40.2D6 and AMV3C2 antibodies were obtained
from the Developmental Studies Hybridoma Bank developed
under the auspices of the NICHD and maintained by the
University of Iowa, Department of Biological Sciences, Iowa
City, IA 52242.
In situ hybridization
In situ hybridization on frozen tissue sections was
performed as described (Huillard and Marx, 2004). The
following constructs were used as templates to synthesize
riboprobes: pBKS/mdrm was obtained by inserting a 1202-
bp XbaI fragment containing the coding region and 5V and 3V
E. Huillard et al. / Developmental Biology 283 (2005) 335–344 337untranslated sequences of mouse drm cDNA (Zhang et al.,
2000) into the XbaI site of Bluescript (Stratagene) vector.
mdrm cDNA was kindly provided by D. Blair. PGEM-7zf/
ch-Shh (Nohno et al., 1995) was kindly provided by M.
Wassef. pBKS/QR1 (Guermah et al., 1991) was a gift from
M-P Felder-Schmittbuhl; pBSK/chN-cadherin (Hatta et al.,
1988) was kindly provided by L. Larue.
Detection of apoptotic cells
Apoptotic cells were detected by TUNEL assay in 20 Am
frozen sections using the ‘‘In situ Cell Death Detection Kit’’
(Roche Molecular Biochemicals).Results
Drm misexpression results in various eye defects
In order to address the potential role of BMPs in the
developing NR, we investigated the effect of the over-
expression of the BMP antagonist Drm/Gremlin (Hsu et al.,
1998) in this compartment. RCAS retrovirus encoding
mouse Drm (RCAS/mdrm) or empty control RCAS (RCAS)
were injected into the right optic vesicle of E1.5 embryos.
Embryos were analyzed at E5.5 and E8.5 (Table 1).
At E8.5, 30% of RCAS/mdrm-injected embryos displayed
one or more dark streaks in infected eyes (Fig. 1B). These
streaks appeared to be randomly located throughout the eye
and their numberwas variable fromone eye to another. 17%of
injected embryos displayed microphthalmia, the size of small
eyes being variable, extending from eyes smaller than normal
(Fig. 1C) to rudiments (Fig. 1D). A smaller percentage (7%)
displayed coloboma (Fig. 1E), a malformation that results
from the incomplete closure of the choroid fissure. The
‘‘streaked eye’’ phenotype was conspicuous at E8.5, whereas
microphthalmia and coloboma were also observed as early as
E5.5 (Table 1). Neither phenotype was observed in RCAS-
injected eyes. Histological analysis of small eyes at both E5.5
and E8.5 revealed a variability of the structure. Eye rudiments
were mainly composed of pigmented epithelium (RPE) and
neuroretina-like epithelium (Fig. 1D, inset), as observed in
eyes overexpressing Noggin (Adler and Belecky-Adams,
2002). In some rudiments, the lens and optic nerve were
absent. In contrast, small eyes exhibited a nearly normal
retinal structure (Fig. 1C, inset). However, theNRwas thinnerTable 1
Ocular malformations induced by different retroviral constructs
Viruses Analyzed embryos P
Streaks C
E5.5 E8.5 E
RCAS 25 0/2 0/23 0
RCAS/mdrm 101 0/30 21/71 (30%) 6
RCAS/DNbmpr1a 16 0/7 0/9 2
RCAS/DNbmpr1b 26 0/15 0/11 8and the laminar organization seemed delayed compared to
controls (data not shown).
Misexpression of Drm induces defects in neuroretina
lamination
Cell differentiation in the chicken NR takes place
between E2 and E14 (Prada et al., 1991). By E8.5, the
majority of neurons and glial cells have stopped dividing
and are organized in defined layers (Prada et al., 1991).
Control RCAS-infected neuroretina showed a normal
stratified organization (Fig. 2A) comparable to untreated
retina (data not shown). In contrast, in streaked eyes
resulting from Drm misexpression, we observed the
presence of localized regions characterized by the interrup-
tion of the laminar structure of the retina (Fig. 2B). These
regions contain a large amount of cytoplasmic material and
a relatively small number of nuclei, some of which have a
dark pyknotic aspect. In some cases, these disorganizations
make bulges, which invade the subretinal space, between
the neuroretina and the retinal pigmented epithelium (Fig.
2C). In the majority of cases, NR disorganizations appeared
directly next to the region of expression of the drm
transgene (Figs. 2B and C), whereas in some cases mdrm
transcripts were detected only at the vicinity of retinal
disorganizations (data not shown). The extent of infection of
RCAS virus, monitored by the expression of the p19 viral
protein, was similar to that of RCAS/mdrm (Fig. 2A, inset).
The presence of pyknotic nuclei was reminiscent of an
enhanced apoptotic cell death. To test this possibility, we
performed a TUNEL assay. A large number of apoptotic
nuclei were observed within the damaged regions, compared
to the adjacent normal NR (Fig. 2D). Interestingly, regions
containing a lot of apoptotic nuclei were also observed in
E5.5 NR (data not shown). This result suggests that Drm-
induced apoptosis takes place prior to the establishment of
laminar organization and that apoptosis may be responsible
for the interruption of the laminar structure of the retina.
Neuronal differentiation proceeds normally but neuron
distribution is impaired in Drm-induced retinal
disorganizations
Defects of the laminar structure of the NR in RCAS/
drm-infected eyes could result from modifications in
differentiation and/or localization of the different retinalhenotypes
olobomas Microphthalmias
5.5 E8.5 E5.5 E8.5
/2 0/23 0/2 0/23
/30 (20%) 5/71 (7%) 7/30 (23%) 12/71 (17%)
/7 (29%) 0/9 2/7 (29%) 0/9
/15 (53%) 0/11 6/15 (40%) 0/11
Fig. 1. Drm overexpression in the optic vesicle results in various eye defects at E8.5. (A) Lateral view of control RCAS-infected eye. (B) Lateral view of a
‘‘streaked’’ eye. Streaks are indicated by arrows. (C) Frontal view of an embryo head with a moderate microphthalmic eye (arrow); section at the optic nerve
head level is presented in the inset. (D) Lateral view of an eye rudiment indicated (arrow). Section of this eye is presented in the inset. (E) Lateral view of an
eye displaying a coloboma. The optic fissure is indicated by the arrow.
E. Huillard et al. / Developmental Biology 283 (2005) 335–344338cell types. To determine whether neuronal differentiation
and/or distribution were affected, we studied the expres-
sion and distribution of different neuronal markers. In
RCAS-infected retinas, differentiated ganglion and ama-
crine cell bodies, characterized by Islet1 and 3B5
immunostaining, respectively, form regular laminae (Figs.Fig. 2. Disruption of retinal laminar structure in ‘‘streaked eyes’’ of embryos infec
retina. Immunostaining with AMV 3C2 antibody, which recognizes the p19 gag pro
through eyes infected with RCAS/mdrm. Expression of the transgene was mo
Disorganized regions containing pyknotic nuclei are indicated by black arrows. In
bars: A–C, 50 Am; D, 100 Am.3A and D). In contrast, in the disorganized areas, these
cells were displaced throughout the thickness of the retina
(Figs. 3B and E). Ganglion cells dispersed throughout
these regions continued to express Shh mRNA, suggest-
ing that perturbation of the laminar structure of the NR
may not result from a loss of Shh expression (Fig. 3C).ted with RCAS/mDrm. (A) Normal histological structure of RCAS-infected
tein to monitor retroviral infection, is presented in the inset. (B–D) Sections
nitored by in situ hybridization in panels B and C (dark blue staining).
D, apoptotic nuclei (white arrows) were identified by TUNEL assay. Scale
E. Huillard et al. / Developmental Biology 283 (2005) 335–344 339We also observed that the photoreceptor layer, visualized
by the expression of visinin, was severely damaged in Drm-
induced disorganizations. In RCAS-infected NR as well as in
normal NR, photoreceptors are localized in the outer nuclear
layer (Fig. 3F). On the contrary, in drm-infected NR, the outer
nuclear layer was disrupted and photoreceptor cells were
displaced towards the vitreal side of the retina (Fig. 3G). In
some cases, visinin-expressing photoreceptors formed ro-
sette-like structures (Fig. 3H).
Previous reports have suggested that Mu¨ller cells are
involved in the establishment of a correct retinal lamination
(Willbold et al., 2000). Thus, we investigated the distribution
of Mu¨ller glia in disorganized regions by analyzing the
expression of QR1, which is specifically expressed in post-
mitotic, differentiating Mu¨ller cells of the avian NR (Casado
et al., 1996; Guermah et al., 1991). In E8.5 normal NR, QR1Fig. 3. Alteration of neuronal and glial distribution in disorganized retina. Expressio
and the glial marker QR1 (I, J) in normal (A, D, F, I) and disorganized (B, C
immunohistochemistry (A, B, D, E, F, G, H) or by in situ hybridization (C, I, J). G
Scale bars: 50 Am. Black arrowheads indicate disorganized regions.expression is detected in the cell bodies of Mu¨ller cells
located in the inner nuclear layer (Fig. 3I). In contrast, we did
not detect cells expressing QR1 within Drm-induced dis-
organizations (Fig. 3J).
Taken together, these results indicate that misexpression
of Drm does not affect neuronal differentiation but rather
alters the laminar organization of the NR. These alterations
correlate with the absence of differentiating Mu¨ller cells.
Drm misexpression induces axonal misrouting and optic
nerve head defects
The presence of large amounts of cytoplasmic material in
several disorganized areas in Drm-injected eyes suggested
the presence of ectopic neurites within nuclear layers of the
neuroretina. To test this hypothesis, we analyzed then of the neuronal markers Islet1 (A, B), Shh (C), AP2 (D, E), visinin (F–H)
, E, G, H, J) neuroretinas. Expression of these markers was detected by
c, ganglion cells; Am, amacrine cells; Ph, photoreceptors; Mu, Mu¨ller glia.
E. Huillard et al. / Developmental Biology 283 (2005) 335–344340expression of the presynaptic membrane protein Syntaxin1
and the extracellular matrix molecule Agrin. At E8.5, in
normally laminated retina, both proteins are mainly
expressed in neurites of the fiber and inner plexiform layers
(Figs. 4A and B, black arrows). In Drm-induced disorganiza-
tions, both layers were severely disrupted. Neurites expres-
sing both Syntaxin1 and Agrin abnormally extended from the
vitreal surface towards the external layers of the retina (Figs.
4A and B, respectively, black arrowheads). However, this
mislocalization was not accompanied by a ‘‘de novo’’
expression of axonal guidance molecules such as Netrin
and R-cadherin (data not shown).
We also observed that several Drm-infected eyes also
displayed dysmorphogenesis of the optic nerve and optic
nerve head, as previously described for Noggin-infected eyes
(Adler and Belecky-Adams, 2002). In RCAS-infected eyes,
optic nerve formed normally and connected with the brain
(Fig. 4C). In contrast, dysmorphogenesis of the optic nerve
led to the absence of connection with the optic tectum in drm-
infected eyes (Fig. 4D).
Defects in retinal lamination correlate with a reduction of
N-cadherin expression
Previous studies have shown that N-cadherin is essential
for retinal lamination. In particular, zebrafish hypomorphic
mutants of N-cadherin showed defects comparable to those
induced by the misexpression of Drm (Masai et al., 2003).
In light of the similarity of these phenotypes, we looked at
N-cadherin expression at E5.5 and E8.5. At E5.5, when the
lamination of the NR is not clearly apparent, N-cadherin
protein is evenly distributed throughout the neuroepitheliumFig. 4. Defects of axonal trajectories and optic nerve dysmorphogenesis in mDrm-i
Agrin (B). Normal fiber layers are indicated by arrows. Abnormal axonal trajectori
nerve of an mDrm-infected eye. d, dorsal; v, ventral. Scale bars: 100 Am.and in the optic nerve in normal and RCAS-infected NR
(Matsunaga et al., 1988) (Fig. 5A and data not shown). At
E8.5, N-cadherin is mainly expressed in the least differen-
tiated anterior and ventral part of the NR and in the fiber
layer of the dorsal and posterior region (Fig. 5B and inset).
In contrast, in drm-infected eyes, N-cadherin expression
was not detected in several regions of the E5.5 NR (Fig.
5D). These regions may correspond to presumptive disor-
ganized areas observed at E8.5. In agreement with this
hypothesis, we observed that both N-cadherin protein (Fig.
5E) and mRNA (Fig. 5F) were downregulated within
disorganized regions.
Inhibition of BMP signaling partially reproduces
Drm-induced retinal defects
As it is generally admitted that Drm is an antagonist of
BMPs, our results suggest that BMP signaling could
regulate laminar organization during NR development. In
order to investigate whether phenotypes induced following
Drm overexpression result from an inhibition of BMP
signaling, we injected RCAS retroviruses encoding domi-
nant-negative forms of the BMP receptors BMPR1A and
BMPR1B in the optic vesicle of E1.5 embryos. At E5.5,
many embryos overexpressing either receptor displayed
microphthalmias, optic nerve head abnormalities and
colobomas (Table 1). Interestingly, in both microphthalmic
and colobomatous eyes, we noted a significant decrease in
the number of visinin-expressing photoreceptors in domi-
nant-negative receptor-expressing NR (Fig. 6B). Likewise,
this decrease was also observed in Drm-infected retinas
(Fig. 6C). This reduction was particularly striking in thenfected eyes. Axons were visualized by the expression of Syntaxin1 (A) and
es are indicated by arrowheads. (C) Normal optic nerve. (D) Dysplastic optic
Fig. 5. N-cadherin expression is downregulated in Drm-induced disorganizations. Control (A, B, C) and mDrm-infected (D, E, F) retinas were
analyzed by immunohistochemistry (A, B, D, E) and in situ hybridization (C, F) for N-cadherin expression at E5.5 (A, D) and E8.5 (B, C, E, F). In
panel B, N-cadherin expression in the anterior part of the neuroretina is presented in inset. Arrows indicate N-cadherin negative regions. Scale bars:
50 Am.
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contrast to the reduction in photoreceptor number, no
apparent modification of ganglion cell number was ob-
served in Drm-infected retinas (data not shown).
At E8.5, eyes of all embryos overexpressing DN-
BMPR1A or DN-BMPR1B were phenotypically normal.
These eyes did not show obvious microphthalmia, coloboma
or dark streaks. The absence of phenotypes at this stage of
development could result from the enhanced mortality that
we observed on embryos infected with RCAS/DNbmpr1a
and 1b. Indeed, additional defects resulting from inhibition
of BMP signaling by these dominant-negative forms of BMP
receptors could be fatal to further embryo development
beyond E6. This is supported by the fact that many embryos
harvested at E5.5 exhibit brain and head malformations such
as microencephaly, holoprosencephaly and face defects.Discussion
In the present study, we show that RCAS-directed
misexpression of Drm/Gremlin in the optic vesicle results
in severe eye defects, characterized by microphthalmia,Fig. 6. Reduction of visinin-positive photoreceptors in neuroretinas infected with D
infected with control RCAS (A), RCAS/DN-BMPR1B (B) and RCAS-mDrm (Ccoloboma and the presence of dark streaks. This latter
phenotype corresponds to localized perturbations of the
stratified structure of the NR. We show that these retinal
disorganizations are characterized by a destruction of
neuronal layers associated with axonal pathfinding defects,
increased apoptosis and lost of N-cadherin expression.
Whereas neuronal differentiation seems to proceed normal-
ly, Mu¨ller glial differentiation is impaired in Drm-induced
disorganizations.
Mechanisms involved in the establishment of retinal laminar
organization
Our results show that QR1 expression is lost in Drm-
induced disorganizations, suggesting that Mu¨ller glia is
absent from these regions. Mu¨ller glial cells are involved in
the establishment of a correct retinal laminar structure, by
organizing the different neuronal layers (Willbold et al.,
2000). It has been shown that the absence of Mu¨ller glia
results in the disruption of neuronal layers and the formation
of photoreceptor rosettes (Wang et al., 2002). We observed a
similar phenotype in drm-infected retinas. Therefore, we
can hypothesize that the lamination defects observed inrm and dominant-negative BMPR1B. Posterior region of E5.5 neuroretinas
) were stained with visinin specific antibody. Scale bars: 50 Am.
E. Huillard et al. / Developmental Biology 283 (2005) 335–344342Drm-induced disorganizations may result from an absence
of differentiating Mu¨ller glia. Since a pro-apoptotic function
of Drm has been shown in different cell types (Topol et al.,
1997), it is possible that Drm misexpression induced
apoptosis of Mu¨ller cells. Consistent with this possibility,
we observed an increase of apoptosis in disorganized
regions. It is also possible that disappearance of Mu¨ller
cells may be due to the absence of Shh, which has been
shown to be involved in Mu¨ller cell development (Wang et
al., 2002, p. 17). Since we detected Shh expression in
ganglion cells at E8.5, it is possible that the absence of
Mu¨ller cells correlated with lamination defects results from
a Shh-independent mechanism.
Our results show that the cell adhesion molecule N-
cadherin is no longer expressed in Drm-induced disorga-
nizations. N-cadherin is an essential regulator of laminar
organization of the vertebrate retina (Erdmann et al., 2003;
Masai et al., 2003; Matsunaga et al., 1988). In the
zebrafish eye, low levels of N-cadherin result in lamination
defects in the retina, through changes in the cellular
polarity of neuroepithelial cells. These defects are associ-
ated with exuberant and misdirected outgrowth of neurites
(Erdmann et al., 2003; Malicki et al., 2003; Masai et al.,
2003; Pujic and Malicki, 2001). Likewise, treatment of
chicken neuroretina explants with N-cadherin blocking
antibodies leads to lamination defects and the formation of
photoreceptor rosettes (Matsunaga et al., 1988). In Drm-
induced disorganizations, at least part of the phenotypes,
such as lamination and axonal pathfinding defects, could
therefore be inferred to the loss of N-cadherin function.
The early downregulation of N-cadherin observed at E5.5,
before the onset of retinal lamination, supports a causal
role of N-cadherin in this process. Mu¨ller glia loss can be
a consequence of these primary defects, although it
remains possible that N-cadherin exerts a direct function
on Mu¨ller glia development.
Mechanisms involved in the establishment of axonal
trajectories
It was previously reported that optic nerve abnormal-
ities resulting from inhibition of BMP signaling by
Noggin were accompanied by changes in the expression
patterns of R-cadherin and Netrin (Adler and Belecky-
Adams, 2002). These changes were limited to the ventral
retina, whereas the expression pattern of other axonal
guidance molecules such as Agrin was not modified
throughout the whole retina. In agreement with this report,
we observed a broader domain of Netrin expression in
colobomatous eyes (data not shown). However, in Drm-
induced retinal disorganizations, we observed an ectopic
expression of Agrin, whereas Netrin expression was not
induced. This suggests that the modification of neurite
trajectories within disorganized regions does not result
from a ‘‘de novo’’ expression of proteins involved in
axonal pathfinding.It has been shown that Shh is an axonal chemoattractant
for commissural axons of the embryonic spinal cord ex vivo
(Charron et al., 2003). It is possible that Shh expressed by
ganglion cells delocalized within disorganized regions
modifies axonal trajectories by acting as a local chemoat-
tractant. Alternatively, axonal misrouting could be the
consequence of the absence of N-cadherin. This is
supported by the observation that N-cadherin function is
important to ensure proper guidance and growth of neurites
in the retina (Masai et al., 2003).
Role of BMPs in NR development
It is well established that Drm/Gremlin binds to and
inhibits the action of BMP2, BMP4 and BMP7 (Hsu et al.,
1998; Pearce et al., 1999). During chicken eye development
these cytokines and their receptors are expressed throughout
all developmental stages in a topographically restricted and/
or layer-specific manner (Belecky-Adams and Adler, 2001).
Inhibition of BMP signaling following misexpression of
Noggin induces ventralization of the optic cup, accompa-
nied by microphthalmias and colobomas (Adler and
Belecky-Adams, 2002). We observed similar phenotypes
in chicken eyes overexpressing Drm. Overexpression of
Noggin in the optic cup results in an expansion of the
expression of ventral markers, such as vax and pax2,
whereas expression domains of dorsal markers such as pax6
and tbx5 are reduced (Adler and Belecky-Adams, 2002).
Accordingly, we observed a similar modification of these
markers in RCAS/drm-infected eyes (data not shown). The
fact that microphthalmias and colobomas are also observed
following overexpression of dominant-negative forms of
BMP receptors 1A and 1B confirms that at least these
particular eye phenotypes induced by Drm misexpression
result from an inhibition of BMP signaling (Adler and
Belecky-Adams, 2002). We also show that Drm misexpres-
sion results in modifications of the axonal trajectories within
the NR and dysmorphogenesis of the optic disk area. These
results are in agreement with several reports showing that
appropriate dosage of BMP signaling is required to ensure
proper guidance of retinal cell axons in the eye. Indeed,
overexpression of Noggin in the chicken optic cup induces
optic disc dysmorphogenesis (Adler and Belecky-Adams,
2002), bmp4+/ mice present an abnormal optic nerve
(Chang et al., 2001), whereas in bmpr1b/ mice, retinal
ganglion cell axons fail to exit the optic disc (Liu et al.,
2003). We previously reported that drm, but not noggin, is
co-expressed with bmp4 in the optic disk at E6 through E10
(Huillard and Marx, 2004). These data suggest that Drm
may be the physiological antagonist that controls BMP
signaling in the optic disk in order to ensure proper
formation of the optic nerve.
The dark streaks associated to NR lamination defects that
we observed in Drm-infected eyes were not reproduced
following misexpression of dominant-negative forms of
BMPR1A and 1B. A possible reason accounting for this
E. Huillard et al. / Developmental Biology 283 (2005) 335–344 343unexpected observation may be that the high mortality of
embryos that we observed at E8.5 did not allow the
development of viable embryos displaying eye defects.
However, these lamination defects have never been de-
scribed in Noggin-treated eyes. Differences in the affinities
of Noggin and Drm for BMP2 and BMP4 may account for
this discrepancy. A recent report proposes the existence of
several threshold levels of BMP signaling to regulate
different aspects of retinal development, such as patterning,
growth and differentiation of the NR (Murali et al., 2005).
Therefore, it is possible that lamination defects observed
following Drm overexpression would be the consequence of
a partial inhibition of BMP signaling. This possibility is
further supported by the similarities between the phenotype
observed with Drm and the phenotype resulting from
reduced levels of BMP4. Indeed, it has been shown that
BMP4 haploinsufficiency results in formation of foci of
abnormal retinal lamination, associated with disruption of
the photoreceptor layers and a reduction in the number of
photoreceptor (Chang et al., 2001).
Role of the DAN family of BMP antagonists in the
developing NR
drm is transiently expressed during chicken eye devel-
opment, in the optic nerve and the optic disc, but is also
expressed at low levels in the NR, as indicated by RT-PCR
experiments (E. Huillard and M. Marx, unpublished results).
In contrast, the Drm-related BMP antagonist Dan is strongly
expressed throughout the NR at E5, before the onset of its
laminar organization, whereas it is no longer expressed at
later stages. However, dan is undetectable in the optic nerve
and optic disc (Huillard and Marx, unpublished results).
These observations suggest that Drm and DAN may have
distinct roles during the different stages of retinal develop-
ment. The early expression of dan in the neuroretina prior to
lamination would argue in favor of a role for this factor in
organization of the NR. In contrast, the specific expression
of drm in the optic disc concomitantly with its formation
suggests that this protein may be implicated in the guidance
of ganglion cell fibers that exit the retina.
However, we cannot exclude that these proteins could
regulate some aspects of eye patterning through a function
different from their property to bind to and to inhibit BMPs
activity. For instance, they could interact with as yet
undefined factors to direct the stratified organization of
the neuroretina. A BMP-independent role for DAN during
chicken inner ear patterning has recently been proposed.
Similarly to our results, DAN overexpression in the
developing otocyst induces additional defects when com-
pared to the phenotypes resulting from Noggin overexpres-
sion (Gerlach et al., 2000; Gerlach-Bank et al., 2004). A
more detailed expression and functional analysis of all
members of the DAN family to identify such potential
factors should provide better insights on the role of these
proteins in sensory system development.Acknowledgments
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